We, using LSMO:ZnO nanocomposite films as a model system, have studied the effect of film thickness on the physical properties of nanocomposites. It shows that strain, microstructure, as well as magnetoresistance strongly rely on film thickness. The magnetotransport properties have been fitted by a modified parallel connection channel model, which is in agreement with the microstructure evolution as a function of film thickness in nanocomposite films on sapphire substrates. The strain analysis indicates that the variation of physical properties in nanocomposite films on LAO is dominated by strain effect. These results confirm the critical role of film thickness on microstructures, strain states, and functionalities. It further shows that one can use film thickness as a key parameter to design nanocomposites with optimum functionalities. E xtensive efforts have been devoted to explore technological applications and to understand fundamental physics in complex metal-oxides owing to their remarkable physical phenomena such as high temperature superconductivity 1 , single-phase multiferroics 2-4 , and colossal magnetoresistance 5,6 . Artificially constructed horizontal oxide heterointerfaces in the form of superlattices, multilayers, and/or heterostructures have been widely investigated to manipulate physical properties 7-9 . Recently, nanocomposites with a vertical interface network are emerging as an alternative approach to tune physical properties since microstructure, interfacial coupling, and lattice strain can be tailored from 2D to 3D [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The lack of substrate clamping effect and the presence of large interfacial area in thick vertically aligned nanocomposite films in comparison with conventional horizontal heterostructures make such a new 3D architecture attractive 20 to tune the functionalities of materials 21 . Experimentally, multiferroics and magnetoelectric couplings have been demonstrated in nanocomposite thin films consisting of ferromagnetic and ferroelectric oxides (e.g., BaTiO 3 :CoFe 2 O 4 , Pb(Zr 0.52 Ti 0.48 )O 3 -NiFe 2 O 4 , BiFeO 3 :CoFe 2 O 4 ) 22-26 . In addition, the vertical interface in composite films can show both enhanced electronic and ionic conductivities, which could be used for fast ion conducting channels in solid-oxide fuel cells 27,28 . Moreover, stress-mediated magnetic anisotropy has been observed in epitaxial ferromagnetic nanocomposites such as BiFeO 3 :CoFe 2 O 4 , PbTiO 3 :CoFe 2 O 4 and BiFeO 3 :La 0.7 Sr 0.3 MnO 3 (LSMO) [29] [30] [31] . Another fascinating aspect is that the dynamic control of functionalities in these nanocomposites can be achieved through external stimuli such as applied stress or magnetic or electric fields 32, 33 . In order to achieve desired functionalities or tune physical properties of materials, the role of strain and microstructure on the functionality needs to be systematically investigated.
plane sapphire, c-plane sapphire, and LaAlO 3 ) were used and the film thickness was varied from 10 nm to 200 nm. This work could reveal the strain and microstructure evolution as a function of film thickness and, in turn, provide important design guideline for nanocomposites with desired functionalities.
Results
Structural characterization of nanocomposites. The structures of nanocomposite films with different film thicknesses on various substrates have been analyzed by X-ray diffraction (XRD). As shown in Figure 1a , except for the substrate peaks, only LSMO (lll) and ZnO (002) peaks were observed in the typical h-2h scans, indicating that LSMO:ZnO nanocomposite films on c-plane sapphire are preferentially oriented. On the other hand, Figure 1b shows that the LSMO phase on r-plane sapphire has two sets of peaks, i.e., (00l) and (0ll). Figure 1c shows that the strain state of LSMO phase in these films on both c-and r-plane sapphires is independent of the film thickness since their lattice parameters are the same as the bulk values. Figure 1d represents the XRD of LSMO:ZnO nanocomposite films on LAO (001) substrates. It is noted that both LSMO and ZnO phases are preferentially oriented out-of-plane. The W-scans of LSMO {202} and LAO {202} show a fourfold symmetry (Figure 1e ), suggesting that the LSMO phase on the LAO substrate is epitaxially grown (cube-on-cube). The appearance of four peaks of ZnO {112} is from the two variants of {112} with 90u in-plane rotation (see Figures S1a and S1b). Detailed analysis shows that the c-axis of ZnO aligned along LAO [110] and [1 10] in-plane. The orientation relationship of films on LAO is determined to be (001) LSMO LAO . Different from the films on sapphire substrates, the out-of-plane lattice constant of films on LAO (001) strongly depends on film thickness. The LSMO (002) peak monotonically shifts to the larger angles with increasing film thickness ( Figure S1c ), indicating that the strain varies with the film thickness. Figure 1f shows that the LSMO (002) lattice spacing decreases from 1.99 Å to 1.95 Å with increase of the film thickness from 10 nm to 200 nm. It is noted that the LSMO phase is still strained even at a film thickness of 200 nm. When the nanocomposite films are thin enough, the strain in the LSMO phase is controlled by the LAO substrate. However, the strain of LSMO phase is dominated by the secondary ZnO phase when the films become thicker (200 nm). It has been reported that a vertical domain matching of 5 LSMO lattice spacings along [001] with 6 ZnO lattice spacings along [110] can generate a vertical strain in LSMO phase in thick films 20, 21, 40 .
Microstructural characterization of nanocomposites. To investigate the thickness dependent microstructures of the composite films, transmission electron microscopy (TEM) and scanning TEM (STEM) in high-angle annular dark-field (HAADF) mode were conducted. Since the recorded intensity in STEM-HAADF is proportional to Z n (n 5 1.5 , 2), the LSMO and ZnO phases can be easily identified as bright and dark contrast areas because of their very different Z numbers. Figure 2a shows a plan-view STEM image of the 20 nm LSMO:ZnO film on r-plane sapphire. It reveals that the nanocomposite consists of circular nano-islands with a few tens of nanometers in diameter separated by boundaries. Indeed, the STEM-EDX line scan reveals that the LSMO circular grains are embedded in the ZnO matrix (Figures S2a and S2b). Thus, high density of grain boundaries (GBs) and phase boundaries can be expected in this thin sample due to the smaller grains. Figure 2b shows a STEM image of this nanocomposite with a 200 nm thickness. The dark areas represent the ZnO phase and the bright regions are the LSMO phase, which is further confirmed by the STEM-EDX line scan ( Figures S2c and S2d ). The microstructure of this thick sample is quite different from the thin sample. It is interesting that the ZnO nanopillars tend to embed in the LSMO matrix. The LSMO phase is connected into much larger domains. Thus, the 20 nm nanocomposite film on r-plane sapphire consists of nanograins with high density of GBs. Nevertheless, the LSMO grains grow bigger and connect with each other as a matrix when the film is getting thicker, resulting in a dramatically reduced GB density. The variation of microstructure with film thickness can greatly affect the magnetotransport and magnetoresistance (MR) of the LSMO phase. Figure 2c shows a plan-view STEM image of the 200 nm LSMO:ZnO nanostructures on c-plane sapphire. It is clearly seen that this nanocomposite film displays a granular structure with a few tens of nanometers in diameter of LSMO grains. The sample with a thickness of 20 nm on c-plane sapphire exhibits similar circular grains ( Figure S3 ). It suggests that the nanocomposites on c-plane sapphire exhibit high density of GBs. The selected area diffraction (SAD) pattern, as shown in Figure 2d , shows an interesting in-plane matching when the nanocomposite films are on c-plane sapphire substrates. The LSMO phase has two different matching scenarios. The first one is the stack of LSMO (111) plane on Al 2 O 3 (0001) plane ( Figures S4a and S4b ). The other one is the center of each hexagon consisting of 6 LSMO (111) planes overlapping with each substrate hexagon center ( Figures S4c-S4e ). The arc of diffraction from ZnO indicates that the ZnO phase exhibits a slight in-plane misalignment. Although the nanocomposite films grown on c-plane sapphire have a preferential texture out-of-plane, the complex in-plane alignments result in a granular structure with high density of GBs, which do not strongly depend on film thickness. The microstructures of LSMO:ZnO nanocomposites on LAO (001) are shown in Figure 2e and 2f. It is interesting to note that both LSMO and ZnO nanodomains are vertically and alternatively aligned on the LAO substrate with a uniform feature size through the film thickness (Figure 2e ). The plan-view STEM image, as shown in the inset of Figure 2e , further reveals that the ZnO rectangular nanopillars are embedded in the LSMO matrix ( Figure S5 ). These perpendicular ZnO domains are consistent with the W-scan results in Figure 1e . Figure 2f shows a sharp LSMO/ZnO vertical interface with a ZnO feature size of ,8 nm. Detailed analysis also shows that the microstructure of nanocomposite LSMO:ZnO films on LAO is independent of film thickness.
Magnetotransport of nanocomposites.
To reveal the propertystructure correlation in these composite films, the magnetotransport and MR have been investigated at different temperatures and magnetic fields. Figure 3a shows the zero field resistance (normalized by their respective values at 340 K) of the nanocomposite films grown on r-plane sapphire with different thicknesses. The temperature at maximum resistance corresponds to the metal-insulator transition temperature (T MI ). It is obvious that the T MI gradually shifts to lower temperatures and R(T)/R(340 K) values dramatically increase at low temperatures as the film thickness decreases. In comparison, the R(T)/R(340 K) curves of the nanocomposite films grown on cplane sapphire with different thicknesses are shown in Figure 3b . It is interesting to note that the T MI of these samples is almost independent of film thickness. The R(T)/R(360 K) values of nanocomposite films on LAO (001) are shown in Figure 3c . The T MI decreases with reducing film thickness, which is also consistent with the trend of Curie temperature (T C ) ( Figure S6 ). The 10 nm nanocomposite film displays a semiconductor-like behavior with no obvious metal-insulator transition (MIT). It should be noted that an accurate measurement of T C of the 10 nm film from M,H curves is challenging since the magnetic signal is quite weak (not shown here). Our results can be explained by the increase of Mn-O-Mn distance and the decrease of overlapping between the 3d-orbitals of Mn and 2p-orbitals of oxygen, induced by the large tensile strain of ,2.8% (Figure 1f ) 39 . The thicker films, however, exhibit MIT and T MI increases with the increase of the film thickness. The T MI of films on both r-and c-plane sapphire substrates as a function of film thickness is summarized in Figure 3d . The T MI of nanocomposite films on r-plane sapphire increases from ,210 K to ,300 K with increasing the film thickness from 20 nm to 200 nm before reaching a plateau. Interestingly, the T MI of nanocomposite films on c-plane sapphire is ,200 K and independent of film thickness. The T MI also increases slightly with film thickness for the films on LAO substrates. Figure 2e shows the zero field resistivity at 20 K of these nanocomposite films with different thicknesses. These very thin films (10-20 nm) exhibit similar resistivity (,1 V cm) regardless of substrates. Although the resistivity decreases with increasing film thickness in all films, their detailed behaviors are quite different. The resistivity of nanocomposite films on c-plane sapphire drops slowly with film thickness, while the resistivity of nanocomposite films on r-plane sapphire and LAO (001) decrease significantly (two orders of magnitude) from 20 to 50 nm. These results show that the 50 nm film on c-plane sapphire exhibits much higher resistivity than those on either r-plane sapphire or LAO with the same thickness. As these films on r-and c-plane sapphire substrates were deposited under the same deposition conditions except for the growth durations, the effect of oxygen content on the transport properties can be ruled out. Additionally, the lattice parameters of the films are independent of film thickness as shown in Figure 1c . It suggests the strain effect is not likely to be responsible for the variation of the transport properties. Thus, the microstructure evaluation with the film thickness should be the dominating factor in determining the transport properties of the films on sapphire substrates. In the case of LSMO:ZnO films on LAO substrates, TEM results show that the microstructure does not change with film thickness in the nanocomposite films (Figure 2e ). Thus, the T MI and resistivity variation with the film thickness could be correlated with the strain effect.
Discussion
In order to fit the magnetotransport results in the whole temperature range, including the abnormal high resistance at low temperatures (see Figures 3a and 3b) , a modified parallel connection channel model was used (see supporting information V) to analyze the experimental results 47 
where r i and r LSMO denote the resistivity for insulating and conducting channels, respectively. r cb represents the contribution from the Coulomb blockade effect 48 . S i , S m , S cb are the effective cross-sections of these channels. The geometrical factor (G) is defined as G5S i /S m . A thermally activated conduction mechanism was used to simulate the insulating channel with r i 5 exp(DE i /k B T). DE i is the effective activation energy for the insulating phase, k B is Boltzmann's constant and T is the absolute temperature. For simplicity, the resistivity of LSMO is determined by the ferromagnetic (FM) domains with r LSMO 5r 0 1 aT 2.5 1 bT 5 49,50 . The first term r 0 corresponds to the residual resistivity arising from defect and impurity scattering. The second and third terms represent the electron-electron and electron-phonon scattering, respectively. Coulomb blockade effect was simulated by thermal activated conduction mechanism with r cb 5 Aexp(DE a /k B T) where A is an amplitude factor and DE a is the very small effective activation energy for the disordered GBs activated only at temperatures lower than 50 K 48 . The detailed fitting results are shown in Tables SI and SII. It is very interesting to note that the geometrical factor in these two systems is quite different (Figure 3f ). The G factor of the nanocomposites grown on r-plane sapphire increases gradually with decreasing film thickness, while that of the nanocomposite films deposited on c-plane sapphire is almost independent of the film thickness (Figure 3f ). The results are consistent with the microstructure variations of the nanostructures on sapphire substrates. The phenomenological model is not suitable for the thin nanocomposite films on LAO substrates since the large strain effect can significantly alter the FM behavior of the LSMO phase. Temperature dependence of MR is shown in Figure 4 . It can be seen that the MR of nanocomposite films on r-plane sapphire substrates depends strongly on film thickness. The MR of thin samples (e.g. 20 nm and 35 nm) decreases with the increase of temperature. The large MR at low temperatures is induced by the GB or the phase boundary, which is consistent with the small grain structure and high density of GBs observed in Figures 2b and 3e . With increasing film thickness, the nanocomposite films behave as the conventional FM LSMO where the low temperature MR induced by boundaries is dramatically reduced. This observation is consistent with the large LSMO grains and significantly reduced GB density and resistivity (Figures 2a and 3e) . As the strain effect in LSMO:ZnO on sapphire is ruled out, the evolution of microstructure ( Figure 2 ) as a function of film thickness plays an important role in determining the transport properties of the films. Figure 4b reveals that the MR of the nano- composite films on c-plane sapphire with different thicknesses is almost the same. The significant low temperature MR, independent of film thickness (Figure 4c ), indicates that high density GBs exist along the conducting paths, which is evidenced by the extremely large low temperature resistivity (Figure 3e) . The low temperature MR of samples on r-and c-plane sapphires is compared in Figure 4c . Similar behaviors including R(T) and MR(T) are observed in these thin films (e.g. 20 nm) on sapphire substrates (Figures 3 and 4 ). There is a large discrepancy in MR of thick films. For instance, the MR of 200 nm nanocomposite films on c-plane sapphire is ,49%, which is much larger than that of ,11% for the film on r-plane sapphire with the same thickness. R(H) curves at 77 K show that the low-field MR exists in the films on c-plane sapphire, suggesting the boundaries are along the electron conducting path (Figure 4d ). In contrast, the much smaller low-field MR for the film on r-plane sapphire indicates lower density of GBs, at least the boundaries are not dominating factors in controlling the electron conduction. Figure 4e shows the MR of nanocomposite films grown on LAO (001). A very large MR was observed for the films thinner than 50 nm. For instance, a MR of 50% was observed in a 10 nm film at 1 T and 100 K. When the films become thicker, the low temperature MR decreases dramatically. The thickness dependence of MR and resistivity can be explained by the strain effect. When the nanocomposite films are thin enough, the epitaxial strain induced by the substrate controls the transport behaviors. Since the lattice constant of LAO is smaller than that of LSMO, LSMO phase is in tension outof-plane. The M,H measurements show that thick films (e.g. 200 nm) exhibit an in-plane easy axis due to the large demagnetization field (not shown here). However, the thinner film (50 nm) reveals an out-of-plane easy axis ( Figure S7 ). XRD results shown in Figure 1 indicate that the strain of LSMO phase in the 10 nm (50 nm) film is as large as 2.8% (1.3%). This tensile strain may enable magnetic moments to overcome the demagnetization field and result in the magnetic spins aligned out-of-plane 51 . The spin up and down configured magnetic domains, induced by tensile strain, can lead to much enhanced MR in epitaxial films 51 . As the nanocomposite films become thicker, the epitaxial strain from the substrate reduces and so does the low temperature MR. For comparison, the LSMO phase in the LSMO:ZnO on STO (111) with a compressive strain of 20.9% shows negligible low-field MR at low temperatures (Figure 4e ). Figure 4f shows the field dependent resistivity ratio r H /r 0 of 10 nm LSMO:ZnO films on both LAO and SrTiO 3 (111) substrates at 100 K. A 2.8% strain in the 10 nm nanocomposite film on LAO can lead to a MR of almost 100% at a magnetic field of 9 T, which is much larger than that of samples on STO (111) with 0.9% strain. The highly strained nanocomposite films exhibit much enhanced MR compared to the similar nanocomposites with lower strain effect, indicating that strain is the dominating effect in nanocomposites grown on LAO substrates.
In summary, film thickness plays an important role in tuning the physical properties of LSMO:ZnO nanocomposite films. By using XRD and TEM, we have carefully analyzed thickness dependent strain and microstructures. The magnetotransport properties of the nanocomposite films have been fitted by a modified parallel connection channel model, in agreement with the change of microstructure in nanocomposite films on sapphire substrates. The strain analysis indicates that the variation of physical properties in nanocomposite films on LAO is dominated by the strain. These results emphasize the significant effect of film thickness on microstructures, strain states, and functionalities. This work further illustrates that functionalities can be manipulated by using nanocomposite films with variable thicknesses. 300, l 5 248 nm, 2 Hz). The composite target used for the deposition was fabricated by a conventional ceramic sintering process. The rectangle laser beam with an area of 5.55 mm 2 was focused onto the composite target with an energy density of 2.0 J/cm 2 . Prior to the deposition, the chamber was pumped to a base pressure of 1.0 3 10 26 Torr. A substrate temperature of 750uC and an oxygen pressure of 100 mTorr were maintained during the depositions. Both the target and the substrate are rotated during the deposition to achieve better uniformity. The deposition rate of the films is ,0.4 Å /pulse. After deposition, the films were cooled down to room temperature at 10uC min 21 in an oxygen pressure of 250 Torr.
Microstructural Characterization. The orientation of the nanocomposite films was investigated by XRD (Panalytical MRD PRO X-ray diffractometer). The microstructure was characterized by TEM and STEM-EDX (FEI Tecnai F30 analytical TEM operating at 300 kV).
Magnetic and Magnetotransport Measurements. Au electrodes deposited by sputtering were used for the magnetotransport measurements. The electrical properties of the films at temperatures from 20 K to 360 K and a magnetic field up to 9 T were measured using a commercial Physical Properties Measurement System (Quantum Design, PPMS). Before magnetization and magnetotransport measurements, all samples were thermally demagnetized. During the magnetotransport measurements, the magnetic field was applied perpendicular to the film plane and the current was applied along the in-plane of the film. The in-plane and out-of-plane magnetizations vs. field (M,H) were also measured by applying a magnetic field parallel and perpendicular to the film plane, respectively. Before the measurement of magnetization vs. temperature (M,T) characteristics, films were zero field cooled (ZFC) or field cooled (FC) at 500 Oe from 360 K to 5 K. M,T curves were subsequently recorded during the heating from 5 K to 360 K under zero field.
